Cardiac repolarization alternans describe the sequential alternation of the action potential duration (APD), and can develop during rapid pacing. In the ventricles, such alternans may rapidly turn into life risking arrhythmias under conditions of spatial heterogeneity. Thus, suppression of alternans by artificial pacing protocols, or alternans control, has been the subject of numerous theoretical, numerical and experimental studies. Yet, previous attempts that were inspired by chaos control theories were successful only for a short spatial extent (<2cm) from the pacing electrode. Previously, we demonstrated in a single cell model that pacing with a constant diastolic interval (DI) can suppress the formation of alternans at high rates of activation. We attributed this effect to the elimination of feedback between the pacing cycle length and the last APD, effectively preventing restitution-dependent alternans from developing. Here we extend this idea into cable models to study the extent by which constant DI pacing can control alternans during wave propagation conditions. Constant DI pacing was applied to ventricular cable models of up to 5cm, using human kinetics. Our results show that constant DI pacing significantly shifts the onset of both cardiac alternans and conduction blocks to higher pacing rates in comparison to pacing with constant cycle length. We also demonstrate that constant DI pacing reduces the propensity of spatially discordant alternans, a precursor of wavebreaks. We finally found that the protective effect of constant DI pacing is stronger for increased electrotonic coupling along the fiber in the sense that the onset of alternans is further shifted to higher activation rates. Overall, these results support the potential clinical applicability of such type of pacing in improving protocols of implanted pacemakers, in order to reduce the risk of life-threatening arrhythmias. Future research should be conducted in order to experimentally validate these promising results.
from the pacing electrode. Here we propose and test a pacing protocol in which the intervals between the end of the action potential and the pacing timing (also known as the diastolic intervals, DI) are kept fixed. We demonstrate using simulation of linear cable models of up to 5cm that constant DI pacing suppresses cardiac alternans for physiological heart rates, and attribute this effect to the removal of feedback between pacing cycle length and action potential durations.
I. INTRODUCTION
Under normal conditions, healthy cardiac cells elicit action potentials (AP) of similar durations when paced at a constant rate (period-1 rhythm). However, when cardiac cells are paced at a sufficiently high rate, sequential alternations of the AP duration (APD) develop, wherein a long APD is followed by a short APD, which in turn is followed by a long APD and so on (period-2 rhythm). This pattern is known as APD alternans, or repolarization alternans, and is commonly attributed to electrical restitution -an inherent property of cardiac cells (1) (2) (3) . While alternans may develop due to additional intra-cellular mechanisms (2, (4) (5) (6) , restitution is believed to be the most pertinent source of repolarization alternans. According to the restitution theory, when a cell is stimulated to elicit an AP, its duration, APD n , depends on the preceding diastolic interval (DI), DI n 1 , (i.e., the time that has passed since the end of the previous AP) Hence, a shorter DI n 1 leads to a shorter APD n due to the insufficient recovery time for the cell to reach its resting conditions. In the ventricles, APD alternans, which reflect as surface T-wave alternans, are clinically established as a precursor for cardiac arrhythmias such as ventricular fibrillation (VF) and even sudden cardiac death (7) (8) (9) . These complexities arise due to the spatial repolarization heterogeneity imposed by the existence of alternans, and especially those known as discordant alternans (10) , which in turn increases the propensity of wavefront-wavetail interaction, leading to wavebreaks and reentry (11, 12) . Consequently, an intriguing hypothetical possibility for preventing such complexities as VF to develop due to repolarization alternans is to apply external advanced pacing protocols instead of constant pacing that will work to reduce and even eliminate such alternans and restore period-1 rhythm. This strategy is known as control of cardiac APD alternans, and has been the subject of theoretical and experimental research for the last two decades.
First attempts to establish cardiac control strategies employed model-independent techniques adopted from chaos theory exploiting the idea that deterministic chaos (that exists during some types of cardiac arrhythmias) is composed of an infinite number of unstable periodic modes (13, 14) . Rather than controlling periodic alternans, these attempts applied control in order to convert aperiodic, chaotic cardiac rhythms into periodic pacing. Moreover, they relied on a relatively long learning phase of the complex unstable chaos dynamics before control could be applied, which may be clinically problematic due to the urgent need to convert cardiac arrhythmias into normal rhythms. Nevertheless, these pioneering studies inspired other groups to further explore novel techniques for cardiac control. Delayed feedback control (DFC), a type of a non-linear dynamical control, was later proposed and experimented for controlling periodic systems, such as in human patients with pacing induced period-2 atrioventricular-nodal conduction alternans (15) , or small pieces of in-vitro paced bullfrog myocardium with APD alternans (16) . In DFC, a stimulating electrode provides stimulations with intervals t between the n'th and n'th+1 stimulation according to the following closed-loop feedback (17) :
where BCL [ms] is the target period-1 basic cycle length, and γ is a feedback gain parameter, which depends on the degree of instability of the fixed point, and its optimal value is experimentally difficult to determine. DFC requires knowing only the last two APDs, and is therefore clinically attractive. Nevertheless, both theoretical and experimental studies implementing DFC have only shown success in suppressing alternans for a limited spatial distance (~1cm) from the pacing electrode, or in small-scale systems (17) (18) (19) (20) . Given the major limitations in terms of spatial efficacy for the standard DFC technique, other works investigated the potential of configurations where the pacing and sensing electrodes are not necessarily co-located (off-site DFC), or consist of more than a single measuring electrode. Still, such works showed that either a successful control of alternans for large spatial distances cannot be achieved in experimental setups using non modelbased pacing (20) , or that a successful control is obtainable, but only with the full knowledge of a biophysical model that describes the state variables of the system, which is practically inapplicable (21) .
Given the limited success of DFC, both theoretically and experimentally, there is a clear need for alternative pacing approaches to improve cardiac control. In 2004, Jordan and Christini (22) have employed DI control pacing using numerical models of single cells and Purkinje fibers. In their approach, however, rather than utilizing constant DI pacing, DI's were successively adjusted using a control scheme that incorporated the knowledge of the previous cycle length. Thus, feedback between APD and DI was indirectly incorporated in the control scheme, and when applied in the cable model, their results were not significantly different than those achieved with standard DFC.
In a previous study from our lab, we employed constant DI pacing in single cell numerical simulations using a canine ventricular model (23) . In a constant DI pacing, a stimulus is given after a fixed time interval (DI) following the end of the last AP, regardless of its duration. Thus, the feedback between the former APD to the time of stimulation that is inherent in DFC (as seen in Eq.
1) is completely removed. By removing that feedback, we hypothesized that the electrical restitution, being the most substantial origin for alternans in periodic pacing, cannot play a role.
Indeed, in the single cell case, we clearly demonstrated how constant DI pacing with DIs as low as 35ms forces an otherwise alternating system into a period-1 rhythm, even in the presence of artificially added heart rate variability. Following our findings in a single cell model, here we aim at extending our hypothesis that constant DI pacing can be employed to control cardiac alternans in a ventricular fiber model. We employed numerical simulations of both canine and human ventricular fibers of varying lengths, and characterized the regimes of DI pacing in which such pacing was effective. Finally, we have investigated the influence of tissue level dynamical and cellular level electrophysiological properties on the efficacy of constant DI pacing.
II. METHODS

A. Geometrical and biophysical model
Electrical propagation along 1-D ventricular fiber models with varying lengths between 0.5cm to 5cm was simulated. Transmembrane voltages were calculated by employing the parallel-conductor membrane model and solving the following reaction-diffusion partial differential equation for myocytes under the mono-domain approximation:
where (24) was employed for the calculation of I . Several parameters were modified to achieve APD restitution with a maximal slope of 1.8 along with standard sodium current dynamics as in (24) .
Specifically, we set G 0.172 nS/pF, G 0.441 nS/pF, G 0.8666 nS/pF, G 0.00219 nS/pF, τ 2 τ , where G , G , G , and G are the maximal I , I , I and I conductances, respectively, and τ is the calcium f-gate time constant for positive voltages.
B. Pacing protocols
Three pacing protocols were employed. In all protocols, stimulation was applied to the 3 leftmost cells in the cable. Stimulations were applied using I 130 µA/cm 2 and duration of 4ms. 
where is the set number, and is in [ms] . Consequently, the time of the 'th stimulation can be written as:
with • denoting the floor operator and 0.
Constant DI pacing
Dynamic pacing protocol with constant DIs was used. During constant DI pacing, stimuli were provided after a predetermined time interval (i.e., the DI) following the end of the previous AP as defined by the APD. Sequential sets of 50 stimuli were applied, each having a constant DI and the Dis were gradually decreased between sets, according to the following equation:
where is the set number, and is in [ms] . Consequently, the time of the 'th stimulation can be expressed as: constant DI pacing where alternans were formed in steady-state is given in Fig. 1 . In this example, a 2-cm long cable was paced at its left edge using the constant DI pacing protocol. Significant also show spatial variability along the cable that is amplified at increased distances from the pacing site. However, the averaged CL (marked as BCL eq , black line, and computed as 0.5x(CL(#49)+ CL(#50)) is constant along the entire cable, as imposed by the steady-state conditions.
Hybrid pacing protocol
In a third protocol, combined constant BCL and constant DI pacing protocols were implemented in two phases. First, a constant BCL pacing was used, as described above, with 13 sets until a minimum BCL of 291ms. Next, 100 stimuli with a constant DI of 75ms (corresponding to an equivalent BCL eq =291ms) were applied.
C. Data analysis
Bifurcation curves were constructed by plotting the APD 90 value of the last two pulses in each set against either its corresponding BCL for the constant BCL pacing, or the corresponding BCL eq for the constant DI pacing. Measurements were taken from the 50th cell along the cable in order to avoid boundary artifacts. The existence of APD alternans was defined whenever the difference between the APD 90 of two sequential beats, also defined as the alternans amplitude, was larger than 5ms. Significant alternans condition was defined as APD alternans amplitude being larger than 50ms. The largest BCL for which APD alternans developed was noted as the onset of alternans (BCL onset ), while the smallest BCL under which conduction blocks (CB) occurred was noted as CB threshold (CB th ), Conduction velocity (CV) bifurcation diagrams were similarly constructed by plotting the CV of the last pulse in each set against its corresponding BCL or BCL eq , for the constant BCL and constant DI pacing, respectively. Conduction velocities were only measured for cables with a length of 3cm, by the difference in activation times (taken at ) at x=2.8cm and x=0.2cm.
D. Analysis of voltage-calcium coupling limitations on constant DI pacing effectiveness
The intracellular calcium cycling of cardiac myocytes can exhibit temporal alternans due to the mismatch between calcium uptake and calcium release from the sarcoplasmic reticulum at high rates of activation (25) . 
III. RESULTS
A. Development of APD alternans during constant BCL pacing
The formation of alternans during a constant BCL pacing was first characterized using models of 3-cm long cardiac ventricular fibers. Figure 2A presents a bifurcation diagram corresponding to x=0.5cm that is showing the development of alternans in a human ventricular kinetics model. (BCL=295ms, right column). Here, while the APD alternans sequence at x=0.5cm was long-shortlong (L-S-L), at x=2.5cm an opposite S-L-S pattern was observed. The existence of SDA was further validated by plotting the APD profiles of two sequential beats at steady state (pulse #49 and pulse #50) along the entire cable during pacing at both BCL=340 ms and BCL=295 ms -see Fig. 2C. As seen in Fig. 2C , at the low pacing rate with BCL=340ms, the two sequential beats maintain very close APD values along the cable, indicating the 1:1 conduction pattern (left panel). Yet, when a higher pacing rate was employed with a BCL=295ms (right panel), the two traces did not overlap but were rather significantly separated along the cable. One intersection point, or nodal point, of the two traces was found at x=1.3cm, across which the alternans pattern changed its phase between L-S-L to S-L-S. The development of the SDA was associated with concomitant development of conduction velocity (CV) alternans, as seen in Fig. 2D . The range of BCL for which CV alternans existed was the same as that for which APD alternans existed.
B. Constant DI Pacing prevents formation of APD alternans
Constant DI pacing was effective in preventing the formation of APD/CV alternans, see (Fig. 3D ). In conclusion, the anti-arrhythmic effects of constant DI pacing included the almost complete prevention of APD/CV alternans and the reduction of the propensity of conduction blocks by shifting CB th to higher activation rates. 
D. Hybrid pacing: control of cardiac alternans
To further validate the stabilization effect of constant DI pacing we have conducted an additional numerical experiment in which we first rapidly destabilized a 3-cm long ventricular fiber by first pacing at BCL=400ms until steady-state is reached, and then, at t=0, applying 150 stimuli at a constant BCL=315ms. This protocol resulted in substantial and long-lasting SDA as indicated by blue traces in Fig. 5A -C that show the APD signal as a function of the beat number at 3 locations along the fiber model. It should be noted that this protocol of abrupt change in BCL resulted in significant APD alternans already at BCL=315ms, in contrast to the dynamic pacing protocol that was employed in previous sections, in which significant alternans developed only at higher activation rates (see e.g. Fig. 2A) . The difference originates from the gradual accommodation of the cardiac tissue model to slowly increasing activation rates in the dynamic pacing case, that worked to stabilize the tissue response and inhibit (or postpone) the development of significant alternans. Immediately following the end of the constant BCL pacing, a constant DI pacing with DI=83ms was applied. This specific DI value was calibrated to result in an equivalent BCL in steady-state of BCL eq =315ms, the same employed during the preceding constant BCL pacing phase. As seen by the black traces in Figs. 5A-C, the transition to a constant DI pacing using the same BCL eq resulted in a fast (within ~30beats) stabilization of the electrical activity by the cancellation of alternans pattern and the restoration of 1:1 conduction.
E. Electrophysiological mechanisms of constant DI stabilization effect
Additional simulations were conducted to understand the role of intracellular ionic concentrations and the degree of electrotonic coupling on the anti-arrhythmic effect of constant DI pacing. For these simulations, a 2cm-long cable model was employed, and the same dynamic pacing protocol used in Fig. 3 was applied. Fig. 6A ] i concentration decreased to 65ms, thus amplifying the protective effect of constant DI pacing. Next, the effect of electrotonic coupling modulation on , and was investigated by repeating the simulation with various diffusion coefficient values, D. As shown in Fig. 6C , a biphasic effect of the diffusion coefficient was observed, whereby an initial phase of decreased stability (i.e., increased ) was followed by a stabilization phase as the diffusion coefficient was increased. The biphasic effect originated from the non-linear behavior of that exhibited an initial fast decreasing phase followed by a phase of slow increase as the diffusion coefficient was increased, see Fig. 6D .
F. The effectiveness of constant DI pacing under various degrees of voltage-calcium coupling
The impact of various degrees of cellular voltage-calcium coupling was studied in the rabbit ventricular kinetics model, as detailed in the Methods section. The effect of modulation of the sodium/calcium exchanger maximal conductivity in the rabbit model is demonstrated in Fig. 7A , where both APD 90 and Ca i bifurcation diagrams were plotted for the three coupling configurations using a single cell model. The figure qualitatively shows that as was increased, coupling decreased in the sense that the ratio between calcium and APD alternans magnitudes decreased.
The temporal measures BCL onset , |Alt| and CB th in the 2.5cm-long cable model for the two pacing protocols are summarized in Table 1 . In Fig. 7B 
IV. DISCUSSION
The suppression of cardiac alternans by controlled pacing has been the topic of extensive scientific research for more than two decades. The premise of reducing the risk of life-threatening arrhythmias has thus driven theoretical, numerical and experimental studies in search of optimal protocols inspired by theories from the fields of chaos and adaptive control that incorporate intrinsic feedback. In this study we proposed to employ constant DI pacing in a ventricular fiber model at a single pacing site, thus eliminating any feedback between the BCL and APD, which exist in periodic pacing. Based on our previous findings in single cell models (23), we hypothesized that the elimination of feedback will prevent formation of alternans, at least those that are restitution-driven. Our main findings are as follows: 1) Constant DI pacing significantly shifts the onset of both cardiac alternans and CBs to lower BCLs; 2) Constant DI pacing reduces the propensity of SDA; 3)
The protective effect of constant DI pacing is stronger for increased electrotonic coupling along the fiber in the sense that the onset of alternans (and mostly also the onset of CBs) is shifted to higher activation rates; and 4) the effectiveness of constant DI pacing is limited by the degree of voltagecalcium coupling: increased effectiveness is achieved for decreasing coupling levels, while, in contrast, strong coupling may render constant DI pacing detrimental over constant BCL pacing.
A. Previous attempts of controlling cardiac alternans using feedback control
Previous studies have shown that successful control of cardiac alternans could only be achieved in a single cell or for a very limited spatial extent (<2cm) from the pacing electrode, unless spatially distributed multiple pacing electrodes were employed. In an analytical study by Echebarria and Karma (17) , the applicability of DFC pacing in which both pacing and observing electrodes are co-located (on-site DFC) was studied using stability analysis of an amplitude equation describing the dynamics of small amplitude alternans in paced cardiac tissue. The authors showed that the limited spatial distance of alternans suppression originates from the wave nature of alternans, and the failure of control to stabilize high quantized standing wave modes of alternans. These theoretical findings were experimentally validated on isolated canine Purkinje fibers by Christini et al. (18) , who confirmed that alternans amplitude variation along the cable matched the standing wave theoretical predictions in (17) . These authors concluded that successful control can be achieved along ~2cm cable only for low amplitude alternans, while high amplitude control is spatially attenuated due to the rise of high quantized standing wave modes.
Experiments conducted on canine ventricular tissue by the same group further demonstrated the limited spatial effect of DFC up to 2cm (19) . In that study control succeeded in attenuating alternans magnitude as well as repolarization dispersion values, two positive effects in terms of tissue arrhythmogeneity; yet, at the same time, in some cases control converted concordant alternans into discordant alternans that are considered to be more arrhythmogenic.
In 2004, Jordan and Christini (22) have proposed an intriguing new approach for controlling cardiac APD alternans by applying an adaptive DI pacing, and tested its performance in single cell using both canine and guinea pig ventricular kinetic models and in a cable model using a Purkinje fiber model. By controlling the DI rather than the BCL, the idea was to enforce sufficient recovery time from inactivation, thereby opposing the underlying promoting mechanisms for restitutionbased alternans and restoring period-1 rhythm with a target BCL. Nevertheless, while promising in concept and shown to be robust to cycle length drift and noise, the authors found that the adaptive DI pacing does not exhibit superior performance to DFC, with its effectiveness being limited to a relatively short simulated cable length. Still, the elegance and simplicity of the adaptive DI pacing, as well as its intuitively sound logic for the suppression of restitution-based alternans, merit this technique a more thorough investigation, most prominently due to several pitfalls and limitations of the original paper by Jordan and Christini: 1) That work focused on controlling alternans by an adaptive pacing scheme in which the pacing DI was linearly dependent on the last BCL using a control parameter  (between 0 to 1) as follows:
where BCL and BCL n are the target BCL and the last pulse BCL, respectively, and DI n 1
and DI n are the next and last pulse DI. Thus, in essence, the algorithm was restitution-dependent as DI n 1 was a function of BCL n , and the feedback between APD and DI was indirectly incorporated in the control scheme, unless  was set to zero, which effectively removed BCL controlling.
2) The Purkinje kinetic model employed in the work of Jordan and Christini was more than half a century old, and was originally an adaptation of the original Hodgkin-Huxley model, thus significantly limiting its relevance to study intricate factors that underlie cardiac alternans, especially due to the lack of detailed calcium dynamics. And, 3) in accordance with the second limitation, the cellular and tissue electrophysiological factors that may limit or improve the effectiveness of adaptive DI pacing in the more relevant cable geometry could not be meaningfully investigated using the outdated Purkinje fiber kinetic model.
B. Constant DI pacing vs. adaptive DI pacing
Previously (23), we addressed the aforementioned limitations of adaptive DI pacing by alternatively suggesting constant DI pacing (effectively by setting =0 in equation (7)). While this may seem as a reduction of adaptive DI pacing, it is driven by a conceptually different hypothesis.
In constant DI pacing, a stimulus is given after a fixed time interval (DI) following the end of the last AP, regardless of its duration. Thus, the feedback between the former APD to the time of stimulation that is inherent in both DFC (as seen in Eq. 1) and in adaptive DI pacing (as seen in Eq. 7) is completely removed. By removing that feedback, we hypothesized that the electrical restitution, being the most substantial origin for alternans in periodic pacing, cannot play a role.
Thus, rather than attempting to control alternans, we aimed at preventing their development. Using numerical simulations in a single canine ventricular cell model we already demonstrated how constant DI pacing with DIs as low as 35ms forces an otherwise alternating system into a period-1 rhythm, even in the presence of artificially added heart rate variability (23 In a previous experimental study, Wu and Patwardhan (27) 
C. Supression of cardiac alternans during constant DI pacing
Our results in Fig. 5A -B clearly demonstrate the significant effect of constant DI pacing to shift the onset of alternans to higher activation rates (i.e., lower BCL) for all modeled cable lengths between 0.5cm and 5cm. More importantly, even for the longest cable length of L=5cm, benign 1:1 conduction (period-1) pattern was maintained for equivalent BCLs as low as 270ms (or an activation rate of 222bpm). Such BCL values are well below the physiological range of 1000 down to 300ms (60 to 200bpm, respectively). When constant BCL pacing was employed, alternans appeared already at a BCL of 330ms (182bpm) for L=0.5cm, and at a BCL of 315ms (190bpm) for L=5cm. Thus, constant DI pacing was demonstrated to fully suppress alternans formation within physiological heart rates for cable lengths up to 5cm. For constant DI pacing with lower than physiological BCLs, alternans did appear; yet, with the exception of cable lengths larger than 4cm, they were concordant, while discordant alternans already existed during constant BCL pacing for cable lengths of 2.5cm or longer. The elimination of feedback during constant DI pacing is expected to completely suppress the formation of restitution-dependent alternans, as concluded in our previous study in a single cell model (23) . Therefore, the existence of alternans along the cable model during constant DI pacing at the very high activation rates suggests an additional ionic mechanism for alternans that is a) restitution independent, b) exists in the cable model but not in a single cell, and c) is uncontrollable by that kind of pacing. Indeed, as can be seen from Fig 
D. Study limitations
Several limitations of our study should be noted. Our conclusions are based on numerical models of human ventricular fibers and thus should be regarded as a proof of concept for the protective effects of constant DI pacing. While our models employed well-established kinetic models that have been widely used in the literature and shown capable of reproducing realistic ventricular action potentials morphology as well as cellular dynamic properties (e.g. restitution), the results herein should be validated in experimental studies. Still, we have also repeated the numerical analysis using a different kinetic model of the canine ventricular myocyte (the Fox et al.
model (28) and found qualitatively similar main effect of alternans suppression by constant DI pacing (results not shown), thus supporting the robustness of our conclusions. We have only considered normal, healthy cellular conditions. Future numerical and experimental studies should focus on clinically relevant conditions such as heart failure that impose increased risk for alternans formation and life-threatening arrhythmias. Finally, we employed ventricular cable models of up to 5cm in length, corresponding to the average dimension of the human end-diastolic left ventricle being 36-56mm (29) . Such cables demonstrated a single nodal point whenever discordant alternans developed during either constant BCL or constant DI pacing. Nevertheless, we found that constant DI pacing is effective also for hypothetically longer cables, supporting multiple nodal points. As an example, the results shown in Fig. 8 correspond to simulations performed on a 10-cm long cable utilizing constant BCL or constant DI pacing protocols. In panel A, the maximal APD alternans magnitude along the cable, |Alt|, was plotted against the BCL (or BCL eq ) for the two pacing protocols. As shown in this figure, the onset of alternans was at higher BCL for the constant BCL pacing than for constant DI pacing protocol (326ms vs. 292, respectively). Moreover, for all pacing rates, |Alt| was larger for the constant BCL pacing than for the constant DI pacing; and lastly, conduction block threshold was at shorter BCL for the constant DI pacing than for the constant BCL pacing (280ms vs. 300ms, respectively). Taken together, the significant antiarrhythmic influence of the constant DI is clearly shown also in very long cables. This is further demonstrated in panels B and C of Fig. 8 , where the spatial distribution of the APD90s along the cable of the last two pulses (49 and 50) corresponding to a similar equivalent BCL of ~300ms are shown. In the constant BCL pacing case, such pacing yielded significant spatially discordant alternans with multiple (3) nodal points, while in the constant DI pacing case, the same equivalent BCL successfully inhibited the development of alternans, resulting in 1:1 conduction.
E. Conclusions
Constant DI pacing was found to suppress the formation of repolarization alternans in a ventricular cable model within the physiological range of heart rates. For extremely high activation rates, however, APD alternans appeared, likely due to a non-restitution dependent mechanism that relates to the degree of electrotonic coupling along the cable. These results support the clinical potential of such type of pacing in improving protocols of implanted pacemakers, in order to reduce the risk of life-threatening arrhythmias. Future research should be conducted in order to experimentally validate these promising results.
